Unicellular, planktonic, prokaryotic and eukaryotic photoautotrophs (phytoplankton) have an ancient evolutionary history on Earth during which time they have played key roles in the regulation of marine food webs, biogeochemical cycles, and Earth's climate. Since they represent the basis of aquatic ecosystems, the manner in which phytoplankton die critically determines the flow and fate of photosynthetically fixed organic matter (and associated elements), ultimately constraining nutrient flow. Programmed cell death (PCD) and associated pathway genes, which are triggered by a variety of abiotic (nutrient, light, osmotic) and biotic (virus infection, allelopathy) environmental stresses, have an integral grip on cell fate, and have shaped the ecological success and evolutionary trajectory of diverse phytoplankton lineages. A combination of physiological, biochemical, and genetic techniques in model algal systems has demonstrated a conserved molecular and mechanistic framework of stress surveillance, signaling, and death activation pathways, involving collective and coordinated participation of organelles, redox enzymes, metabolites, and caspase-like proteases. This mechanistic understanding has provided insight into the integration of sensing and transduction of stress signals into cellular responses, and the mechanistic interfaces between PCD, cell stress and virus infection pathways. It has also provided insight into the evolution of PCD in unicellular photoautotrophs, the impact of PCD on the fate of natural phytoplankton assemblages and its role in aquatic biogeochemical cycles.
Introduction
Biogeochemical cycles in aquatic ecosystems are driven entirely by microorganisms. Phytoplankton -a diverse group of photosynthetic microorganisms that drift with the currents and encompass ancient cyanobacterial and derived, independently evolving 'red' and 'green' plastid eukaryotic lineages [1] play a prominent role. They are responsible for nearly half the global carbon-based primary production, are the basis of aquatic foodwebs, and directly influence their environment and the organisms within it [2, 3] . Perhaps the most striking example of their collective influence is the oxygenation of Earth's atmosphere ca. 2.2 billion years ago (Ga) [4] , a development that set the stage for the evolution of higher animals ($0.7 Ga) [5] . In order to maintain biogeochemical cycles throughout billions of years of Earth's history, phytoplankton must not only grow, but also die. Phytoplankton account for <1% of Earth's biomass but are responsible for nearly 50% of global annual carbonbased primary productivity [6] . Steady-state maintenance of this high production/biomass ratio implies that, on average, these organisms grow, die and are replaced weekly [7] .
Given this fact, it's puzzling that a misconception largely drove our traditional understanding of phytoplankton ecophysiology. It had been assumed that these cells were immortal, growing indefinitely by binary fission unless eaten by heterotrophic zooplankton (animals that drift with currents) or removed by irreversible sinking into the deep ocean as aggregated particles, both thought to comprise independent ecosystem pathways ( Figure 1 ). This view fundamentally changed towards the end of the 20 th century, when it became clear that phytoplankton often die spontaneously upon encountering adverse abiotic or biotic environmental conditions. Indeed, substantial cell death by lysis has been documented in field populations, with some estimates exceeding 50% of phytoplankton growth [8] [9] [10] . Hence, important loss processes independent of grazing by heterotrophs must exist and might explain how an average of $50% of global primary production is consumed by bacteria [11] . The primary mechanism invoked by microbial ecologists to explain these high lysis rates of phytoplankton populations has been predatory infection by lytic viruses, which infect a host cell, propagate and, subsequently, release viral progeny from a lysed microbial cell together with dissolved organic matter into the surrounding water. Viruses are now known to be ubiquitous and critical components of marine ecosystems, reaching abundances of 10 7 -10 8 viruses per milliliter of surface seawater, which exceeds bacterial and phytoplankton abundance by at least an order of magnitude. Viruses that are pathogenic to a variety of phytoplankton species can routinely be isolated from seawater with detailed knowledge of the dynamics and physiology of viral infection coming primarily from cultured virus-host systems. The development of novel diagnostic biomolecular techniques to detect infection by specific microalgal viruses and assess the accompanying physiological changes have not only convincingly demonstrated evidence of virus impact on bloom demise but also revealed co-evolutionary, functional links between virus infection and autocatalytic, programmed cell death (PCD) pathways within widespread, globally distributed, ecologically important phytoplankton species [12] [13] [14] [15] [16] [17] .
The induction of autocatalytic PCD by environmental stresses (e.g., cell age, nutrient deprivation, high light, excessive salt, or oxidative stress; detailed below) in both prokaryotic and eukaryotic phytoplankton provides another mechanism to explain high lysis rates, independent of viral attack. It is now abundantly clear that diverse phytoplankton lineages activate conserved autocatalytic PCD pathways upon encountering adverse abiotic or biotic environmental conditions and that this intrinsic, cellular mechanism of death shares core components of death pathways in higher plants and animals, fundamentally influences the flow of photosynthetically fixed organic matter (and associated elements) through the main ecosystem foodweb pathways -grazer food web, vertical sinking flux and microbial loop -and serves to lubricate ocean biogeochemistry ( Figure 1 ) [12, 18, 19] . Here, I discuss the current state of knowledge of PCD in unicellular photoautotrophs, including cellular mechanisms of activation and regulation, evolutionary establishment and ecological significance, interaction with virus infection, sensing and transduction into cellular responses, and its impact on aquatic biogeochemical cycles.
Modes of Cell Death
The diagnosis of phytoplankton PCD has been critically informed by an extensive mechanistic knowledge of PCD pathways in diverse organisms, including single-celled bacteria, protists and fungi, as well as multicellular land plants and higher animals. These include apoptosis [20, 21] , paraptosis [22] , ferrapoptosis [23] and autophagy [24, 25] , with each type being supported by cytological and biochemical evidence and occurring under disparate circumstances. As originally defined in animals [21] , apoptosis refers to specific morphological changes that occur during genetically controlled cell death, including cell shrinkage, chromatin condensation, DNA fragmentation, and blebbing of the cell membrane. These morphological traits are often used to distinguish apoptotic cell death from necrosis, which results from acute and irreversible cellular injury and leads to general swelling of the plasma membrane, the presence of chromatin clusters, and DNA strand breaks [26] [27] [28] . Definitions of PCD have broadened to include a variety of diverse, genetically controlled, active cellular self-destruction pathways, many of which have been observed in unicellular marine phytoplankton. These include: paraptosis, a nonapoptotic form of PCD characterized by chromatin spotting without DNA fragmentation, extensive cytoplasmic swelling and vacuolization, and alternative caspase activity; aponecrosis, a chimeric form of cell death that shares dynamic, molecular, and morphological features with both apoptosis and necrosis [29] ; and autophagy, a highly conserved cellular process (protists to animals) that involves atg genes and the formation of autophagosomes, which interact with lysosomes to engulf cellular constituents. Intriguingly, autophagy has been linked to both cell survival and death, depending on the stress. Ferroptosis, an iron-dependent cell death, is similar to glutamate-induced excitotoxicity but distinct from apoptosis, necrosis, and autophagy.
PCD has long been regarded as a hallmark of multicellular, higher eukaryotes [30] , since it is universally required for their development, function, and ultimate survival. Traditional distinctions between PCD and necrosis in metazoans have made assessment of cell death in unicellular organisms, like phytoplankton, more difficult to define based on these criteria. Nevertheless, PCD has been identified in broadly diverse unicellular heterotrophic organisms such as bacteria [31] [32] [33] , yeast [34] , and protozoa [35, 36] , demonstrating that it is a fundamental feature of prokaryotic and eukaryotic, unicellular microbial life with ancient origins [37, 38] . Genomic, physiological, morphological, and biochemical evidence of PCD -autocatalytic cell The manner in which phytoplankton die largely determines the ecological fate of marine organisms and the flow of nutrients. Three major ecosystem pathways operate in aquatic systems with the nature of phytoplankton mortality influencing the relative coupling of photosynthetically fixed organic matter to each pathway and, consequently, the cycling of elements in the upper ocean. The classic grazing food web (pathway #1) consists of phytoplankton being eaten by zooplankton, which, in turn, are eaten by larger animals. Vertical sinking flux (pathway #2), consisting of aggregated phytoplankton cells, zooplankton fecal pellets and polymeric material (e.g., marine snow) with high sinking rates, shunts organic matter away from upper ocean food webs and instead transports it into the deep sea [176] . The microbial loop (pathway #3) is fueled primarily by cell lysis and accompanied bacterial utilization of dissolved and particulate organic matter, enhancing upper ocean respiration and biogeochemical cycling of key elements (C, N, P, S, Fe, Si, etc.) [173] . Until recently, grazing by heterotrophic zooplankton or irreversible sinking into the deep ocean were the primary mechanisms thought to balance phytoplankton growth. However, PCD and virus infection (the latter often triggering PCD) are now recognized as important removal processes that help explain the very high lysis rates of natural phytoplankton populations. Demonstration of a conserved mechanistic role for high caspase-specific activity has provided a framework for understanding the molecular ecology, evolutionary development and biogeochemical significance of PCD in the oceans. Recent work demonstrating that PCD (and associated physiological and biochemical processes) triggers the production of transparent exopolymeric particle (TEP) and aggregate formation suggests it may shift relative coupling of ecosystem pathways away from the microbial loop and more towards stimulation of vertical flux. Ultimately, this shift would enhance biological pump efficiency and export of carbon into the deep ocean. Infochemicals produced during abiotic (nutrient, light, temperature, osmotic) and biotic (viruses, allelopathy, grazing) stress appear to influence the activation and regulation of PCD and serve as lateral feedbacks on this process. Adapted from [12] .
suicide in which an endogenous biochemical pathway leads to apoptotic-like morphological changes and, ultimately, cellular dissolution -has now been documented in phytoplankton lineages of cyanobacteria, which were present in marine ecosystems at least 2.8 billion years ago (Ga) [39] and in diverse eukaryotic representatives of independently evolving ancient superfamilies (clusters of phyla), the 'green' and 'red' lineages, which inhabited coastal waterways by 1.4-1.9 Ga [1, 40] and were genetically transferred to multicellular plants in the latter half of Earth's history (Figure 2 ). It remains one of the more enigmatic and intriguing aspects of microbial and cellular evolution and, as such, a variety of ecological and evolutionary drivers have been proposed for the maintenance of PCD-related genes in aquatic photosynthetic microbes over their $3 Ga evolutionary history (discussed below) [12, 18, 25, 41, 42] .
Ecological and Evolutionary Contexts
Considerable attention has been paid over the past decade to experimentally elucidate the mechanistic controls of, genetic linkages to, and biochemical activities associated with algal PCD pathways. These efforts have answered fundamental questions about the nature of its activation and informed our collective thinking on the retention of an ostensibly counterintuitive pathway in unicellular algae -given the cell is the organism, death cannot inherently benefit the individual and is a first order control on organism fate. PCD pathway genes have a tight grip on the cell fate of diverse photoautotrophs in aquatic environments and are collectively hard-wired into genomes with an ancient evolutionary history spanning $3 Ga. This multifaceted genetic program must have some selective advantage to unicells or it would have been purged from genomes long ago.
Various ecological and evolutionary drivers have been proposed. An intriguing and straightforward idea is that death represents a default pathway in biology. Cells indeed appear to be intrinsically programmed to self-destruct with cell survival depending on its effective and continued repression [37, 43, 44] . PCD pathways in diverse cell systems, including phytoplankton [45] , are littered with structurally related 'inhibitors of apoptosis' (IAP) proteins [46] [47] [48] , some tightly binding to caspases, efficiently inhibiting their activation and preventing apoptosis. It follows that a deficiency in death repression will automatically remove less fit cells from the population. As such, PCD in unicellular organisms might convey enhanced genetic and population fitness and represent an adaptation designed to benefit a population [33, 34] , whereby damaged cells are eliminated from a population and provide surviving cells with limiting nutrients. Indeed, the manner in which a phytoplankton cell dies directly impacts the fitness of its neighbouring cells [49] , the degree to which is influenced by phylogenetic relatedness [50] . Observations of community-wide PCD activation in natural populations of the coccolithophore Emiliania huxleyi [16] argue against purifying selection of PCD alleles within populations with documented genetic microdiversity [51] (Hinz et al., unpublished observations). Instead, these alleles may increase in frequency among closely related individuals if it favors the collective fitness of genes, as per the 'kin selection' model [52] .
Alternatively, PCD (and its associated molecular machinery) may play important roles in cell survival in different environmental niches. PCD-related genes may be an integral component of cellular differentiation and development pathways for specialized phytoplankton and ecophysiological strategies, such as those employed by nitrogen-fixing (diazotrophic) cyanobacteria [53] and sexual stages induced by abiotic and biotic challenges [54] . PCD-related genes have clearly been a mechanistic playground of co-evolutionary host-virus arms races with PCDbased virus exclusion strategies pre-empting viral replication [55] or the viruses themselves requiring PCD induction for replication [56, 57] . PCD-related genes may have alternative physiological functions, participating in housekeeping, stress acclimation, or regulatory functions whereby retention and expression are of physiological benefit. Some death-related genes in unicellular phytoplankton appear to have dual roles, as determined by environmental conditions and cell history. In a broader context, the high and highly specific catalytic caspase-specific 2 3 Billions of years before present (Ga) Karenia) , and has come to dominate the modern ocean [149] . These observations place the origins of PCD far earlier than the rise of metazoans ($0.80 Ga) and consequently have raised fundamental questions about the ecological role and biogeochemical significance of PCD in the oceans, as well as the evolutionary drivers retaining PCD-related genes in phytoplankton genomes over their $3 Ga evolutionary history. They must have some selective advantage or they would have been purged from genomes long ago. Adapted from [12] . activity observed in diverse phyla of exponentially growing Archaea [58, 59] implicates it as a core component of an 'interactase' of stress-related protein complexes involved in proper proteasome function and the unfolded protein response [60] . In light of the deep archaeal roots of eukaryotes [61] [62] [63] [64] and the fact that intracellular signalling and responses to protein misfolding stress are inherently important to complex multicellular life, PCD may have an ancestral role in protein homeostasis and stress pathways in higher organisms.
Role of Caspases
The mechanistic understanding and cellular control of phytoplankton PCD is far from complete, but some general themes have emerged. The superfamily of cysteinyl aspartate-specific proteases (caspases) has been a prominent target for diagnosing PCD, given their ubiquitous biochemical role in its initiation and execution [65] in response to proapoptotic signals [66] [67] [68] . Caspases are among the most specific intracellular proteases in biology, cleaving a variety of cellular substrate proteins at the carboxyl terminus of an aspartate residue within specific, conserved tetrapeptide recognition motifs. They display strong conservation in amino acid sequence, structure and substrate specificity possessing a conserved histidine-and cysteine-containing catalytic domain structure. Classic caspases are expressed as proenzymes and their activity is tightly controlled by a diverse array of elicitors and proteins (e.g., FADD, p53, Bcl-2, Bax, AIF, Smac/DIABLO, Apaf-1, cytochrome C, etc.) that participate in extrinsic (receptor-mediated) and intrinsic (mitochondria-mediated) pathways [69] . Very high caspase-specific catalytic activity, assessed through the in vitro cleavage of canonical fluorogenic substrates and the in vivo staining of whole cells, has been detected in a variety of diverse unicellular phytoplankton in response to adverse abiotic and biotic stressors (detailed below) [12] . These observations are concomitant with classic PCD morphological markers, all of which can be prevented by the in vivo addition of caspase inhibitors (e.g., z-VAD-fmk, Boc-D-fmk). Notably, the genes responsible for the observed caspase-specific activities observed during phytoplankton PCD are largely unknown, which represents a fundamental gap in our molecular understanding. Recently developed in situ inhibitor trapping techniques [70, 71] , combined with genome-enabled proteomics, are promising avenues to identify these enigmatic proteins and better characterize their physiological roles and molecular evolution.
The experimental link between PCD and caspase-like activity in phytoplankton has its roots in the unicellular chlorophyte Dunaliella tertiolecta, which activates apoptotic cell death when placed in prolonged darkness ($4 d) [72] . Biochemical assays of diverse caspase activities using highly specific fluorogenic substrates showed that caspase activity increased concomitantly with the apoptotic morphological changes and were inhibited by caspase-specific inhibitors. Furthermore, antibodies against mammalian caspases cross-reacted with specific algal proteins at the onset of cell death. Elevated caspase activities were independent of protein synthesis [73] and were mechanistically linked to distinct apoptotic events -phosphatidylserine (PS) translocation, induction of ROS, and compromised membrane permeability [74] -all of which were thwarted upon caspase inhibition. This suggests that caspase activity is regulating PCD by activating these processes, along with its more direct proteolytic degradation and dismantling of the cell.
Other marine and freshwater unicellular chlorophytes (Dunaliella viridis, Dunaliella salina, Chlamydomonas reinhardtii, Micrasterias denticulate, and Chlorella saccharophila) induce PCD pathways under senescence [29] , osmotic [29] , UV [75] , salt [76] , heat [29, 77] , carbon [78] , and nitrogen stress [29] with evidence of caspase involvement. High caspase biochemical activity and immunoreactivity to caspase-3-like proteins were characteristic of distinct PCD morphotypes (apoptosis, necrosis, aponecrosis, paraptosis, and autophagy) in D. viridis in response to diverse environmental stresses, supporting the notion that alternative forms of PCD exist in anciently evolving single-celled algae ($1.2 Ma) and that caspase-like proteins have diverse cellular roles. Likewise, caspase 3-like activity accompanied key PCD features in the psychrophilic chlorophyte C. saccharophila under heat stress, the inhibition of which largely abolished these cellular responses.
A variety of caspase orthologues, such as metacaspases, paracaspases, phytaspases, and saspases [65, [79] [80] [81] , have now been linked to PCD processes in diverse organisms, including phytoplankton [16, 56, [82] [83] [84] [85] [86] (Spungin et al., unpublished observations). Metacaspases were discovered in higher plants, slime molds, unicellular protists, fungi and bacteria [87] , hinting they likely represent an initial, ancestral core of executioners. Metacaspase gene signatures are deeply imprinted in the genomes of photoautotrophs with those in cyanobacteria showing immense diversity, perhaps due to extensive lateral gene transfer, and those in eukaryotic lineages clustering with other unicellular protists [18, 61] (Spungin et al., unpublished observations). This includes type I and II metacaspases, which have similarities to metazoan 'initiator' and 'executioner' caspases, along with type III metacaspases, a novel group which possess distinct and rearranged domain architectures from their type I and II brethren. Other metacaspase-like proteases defy conventional classification and may represent the origins of eukaryotic metacaspases. Diverse domain architecture and operon configurations in metacaspases suggest roles not only in PCD but also in signalling, diverse enzymatic activities, and protein modification.
The PCD-Virus Interface Host-virus interactions have also served as a critical catalyst and platform for work on phytoplankton PCD, especially in the haptophyte lineage. The cosmopolitan coccolithophore E. huxleyi forms massive blooms in the global ocean [88] that are routinely infected and terminated by lytic, double-stranded DNA-containing viruses, Coccolithoviruses (EhVs) [89, 90] . As members of the Phycodnaviridae, EhVs are giant microalgal viruses (diameter $180 nm) with an extensive genetic capability ($407 kb genomes) to control host metabolic pathways for their replication [91] [92] [93] [94] . As part of this 'arms race', Coccolithoviruses actively manipulate host lipid metabolism, alter glycosphingolipid (GSL) production, and regulate cell fate via PCD (Figure 3 ) [13, 16, 17, 56] in a manner reminiscent of the 'Red Queen' dynamic [95] driving plant-and animal-pathogen interactions [96] . Indeed, sphingolipids and ceramides are also potent inducers of PCD in animals and plants [97, 98] .
More specifically, it appears that autophagy is hijacked by EhVs and essential for viral assembly, propagation at high burst sizes, and egress from host cells [57] . Lytic infection leads to the induction and lipidation of a suite of autophagy-associated gene (ATG) products such as the host-encoded, membrane-bound Atg8 protein, an essential component in autophagosome formation that is associated with purified virions. E. huxleyi has retained and actively expresses an extensive array of the autophagy genetic machinery (e.g., TOR, RPTOR, LST8 and ATG), which are lacking in their primary, red-lineage endosymbiotic ancestors [25] . These findings raise fundamental questions about the acquisition of autophagy genes during algal evolution and the broader interface with virus infection. Clearly, tight control of the host's PCD machinery by EhVs is a critical part of ongoing host-virus arms races [12, 18] . EhV-encoded proteins even contain caspase cleavage sequences [56] and baculovirus inhibitor repeat (BIR; IPR001370) domains [94] , which can suppress apoptosis by interacting with and inhibiting the enzymatic activity of caspases [99] . To date, we have little insight into how these genes collectively participate in the pathway.
Given their ability to trigger host caspase activity and PCD in E. huxleyi in a dose-dependent manner [17] , virally encoded glycosphingolipids (vGSLs) critically control the host's cellular response and EhV production. GSLs are common constituents of membrane lipids and lipid rafts in eukaryotes and play a central role in entry and budding of HIV and Hepatitis C [100, 101] . The EhV86 capsid is enveloped by a lipid membrane and is composed of vGSLs [17] , which can be used in a fusion mechanism [102] . Indeed, EhVs appear to employ an entry and exit strategy through lipid rafts [102, 103] , chemically distinct membrane lipid microdomains that are enriched in GSLs and are involved in sensing extracellular stimuli and activating signalling cascades through protein-protein interactions. Combined lipidomic, proteomic, and bioinformatic analyses of purified lipid rafts from EhV-infected E. huxleyi cells revealed distinct GSL classes along with a variety of proteins affiliated with host defense, PCD, and innate immunity pathways [103] . These proteins included: calmodulin-binding DENN/MADD domain-containing proteins that are involved in MAP kinase induction [104] ; proline-rich extensins (PRICHEXTENSN), which function in the signal transduction of pathogen defense upon compromised cell wall structure [105, 106] ; and toll interleukin 1 receptor (TIR) and leucine-rich repeat (LRR) domain proteins, which are often connected by a nucleotide-binding (NB) domain and collectively mediate pathogen recognition/resistance and activate host-cell defense responses [107, 108] . TIR-NB-LRR proteins specially recognize viral membrane proteins through ligand-receptor interaction resulting in the stress-induced, plant hypersensitive PCD response [109, 110] . Taken together with the detection of an EhV86-encoded C-type lectin-containing protein in lipid rafts, infection appears to occur at the interface between lipid rafts and cellular stress/death pathways. Host susceptibility or resistance may have its basis in a subcellular regulation of the PCD machinery that the virus requires for successful replication. Indeed, The E. huxleyi and Coccolithovirus (EhV) host-virus system has emerged as a key model system to investigate algal host-virus interactions and the subcellular PCD processes mediating infection dynamics. E. huxleyi and EhVs engage in a sophisticated, co-evolutionary 'arms race' to actively manipulate host lipid metabolism, altering glycosphingolipid (GSL) production and regulating cell fate via PCD [13, 17] . EhVs appear to employ an entry and exit strategy through lipid rafts [103] , chemically distinct membrane lipid classes along with a variety of proteins affiliated with host defense, PCD, and innate immunity pathways. Virally encoded glycosphingolipids (vGSLs) critically control EhV production and the host's cellular response, triggering the production of ROS (H 2 O 2 ), and NO, as well as elevated host caspase activity and metacaspase expression in a dose-dependent manner [16, 17, 119, 122, 129] (Schieler et al., unpublished observations), but via yet undefined pathways (indicated by question marks and studded arrows). Recent work suggests that co-production of H 2 O 2 and GSH [119] plays a prominent role in triggering autophagy [57] -autophagosome formation is hijacked by EhVs and is essential for viral assembly, propagation at high burst sizes, and egress from host cells. Co-production of H 2 O 2 and GSH may also play a role in nucleotide biosynthesis pathways [119, 177] . Elevated GSH levels may guard against premature PCD induction in a highly oxidative cellular environment, allowing for mature burst sizes. EhV infection of E. huxleyi stimulates the release of dimethyl sulfide (DMS) and acrylic acid (AA) through enzymatic cleavage of dimethylsulfoniopropionate (DMSP) by DMSP lyase [178, 179] , which may mechanistically prevent PCD via their ability to scavenge hydroxyl radicals [180] . Currently, the role of the chloroplast during infection is unresolved but photosystem function is compromised as infection progresses [122, 181] . A suite of dissolved infochemicals, including NO, vGSLs, and DMS, are produced from infected cells during the infection process and can serve both as bloom termination signals and inhibitory agents of infectivity [17, 178, 179, 182] proteins associated with virus susceptibility include Bax inhibitor-1 protein, three LRR receptor-like protein kinases, and mitogen-activated protein kinase [111] .
ROS production, redox regulation, DNA fragmentation, and caspase activation also appear to play critical roles in the infection strategy of other haptophytes by other Phycodnaviridae. Rapid DNA fragmentation and caspase activation has also been observed in two other marine haptophyte host-virus systems (Haptolina ericina-CeV01B and Phaeocystis pouchetii-PpV01B), pointing to a general conservation of PCD-like activation during virus infection of ecologically diverse haptophytes [112] . Virally encoded proteins containing caspase cleavage sequences have even been found in other diverse Phycodnaviridae genome sequences, including Paramecium bursaria Chlorella virus 1 (PBCV-1) and Ectocarpus siliculosus virus (EsV-1) [56] , with some representing a group of 'core' genes shared among several NCLDV families and thought to represent an ancestral viral genome [113] .
Stress Signalling and PCD Activation
The emerging role of cellular signalling molecules in regulating stress responses and PCD induction in unicellular phytoplankton (Figure 4) [12, 114] has illuminated core tenets in the cellular decision between acclimation versus death. Reactive oxygen species (ROS), like hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 -), are classic inducers of PCD and have a central role in regulating cell fate by altering the redox balance in a cell [85, [115] [116] [117] [118] [119] . Compartmentalized redox-based signaling serves to integrate input and response to stress conditions. Recent work using a redox-sensitive GFP sensor targeted to various sub-cellular organelles (mitochondria, chloroplast, nucleus and cytoplasm) has mapped the spatial and temporal oxidation patterns in the model diatom Phaeodactylum tricorunutm in response to oxidative stress, nutrient limitation and aldehyde (2E,4E/Z-decadienal; DD) exposure and has found that a threshold of mitochondrial glutathione GSH redox potential (EGSH) can accurately predict cell fate [120] . Similar aldehyde-induced ROS production has been observed in Skeletonema marinoi, suggestive of similar cellular response mechanisms [121] . Co-production of H 2 O 2 and GSH at different subcellular locations was even found to be critical [119] during virus infection of E. huxleyi [57, 122] .
Antioxidant capacity is classically thought to fortify cells against ROS challenges and enhance viability. However, prior acquisition of antioxidant activity, namely ascorbate peroxidase (APX), in response to ROS exposure has been found to paradoxically enhance sensitivity of unicellular phytoplankton to subsequent oxidative stress-induced PCD (Figure 4) The production of oxidative radical species and associated biochemical responses have a central role in regulating algal cell fate by altering the redox balance. Response pathways are depicted for a general algal cell based on cumulative findings in the literature for different algal systems. While some aspects of these pathways have not been explicitly shown in all algal cell types, this cartoon provides a conceptual framework upon which to test mechanistic hypotheses. A variety of environmental stresses induce intracellular bursts of H 2 O 2 and O 2-thought to be elicited by the release of mitochondrial (e.g., cytC) and chloroplastic (cytF) factors [83, 142] . This altered redox balance activates genes in the AsA-GSH system (CAT, catalase; SOD, superoxide dismutase; APX, ascorbate peroxidase; MDHR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase) to help deal with the oxidative stress [83, 84] . In turn, this leads to altered dehydroascorbate (DHA)/ascorbate (AsA) ratios, which serve to sensitize cells to subsequent ROS bursts and elicit PCD via expression of metacaspases and enhanced caspase activity [83, 84] . DHA itself can also activate PCD independent of a prior oxidative burst, so there is evidence of distinct oxidative stress-dependent and -independent mechanisms in algae [83] . At the same time, environmental stresses (like exposure to aldehydes) trigger intracellular Ca 2+ transients and the rapid generation of NO [86, 124, 183] (Schieler et al., unpublished observations) either through the nitric oxide synthase (NOS) or nitrate reductase (NR) biochemical pathways [137] [138] [139] . While NO-associated proteins, which are directly involved in NO production, have been localized to the chloroplast, the subcellular location of NO production is currently unknown. There is evidence for NR localization both in the plasmalemma of diatoms [184] and in the pyrenoid (within chloroplasts) of chlorophyte algae [185] . Upregulation of NO production reduces expression of manganese superoxide dismutase (MnSOD), further facilitating intracellular oxidative stress [86] . The co-production of ROS and NO likely plays a role in PCD activation through the post-translational modification (PTM) of PCD-related proteins, but this has yet to be substantiated. Co-production of ROS, Ca 2+ , and NO can also lead to the upregulation of so-called death-specific proteins (DSPs), which localize to the chloroplast and appear to function as important signal transducers and photosystem regulators, toggling cell fate between stress acclimation and PCD, depending on the degree and type of stress [85, 136] . Note that DSP proteins are only found in red-algal lineages [136] . Depending on the level of stress, the production of dissolved infochemicals (e.g., DD, NO) can induce resistance in surrounding cells (grey arrow) [124] . If stress conditions intensify and cell lysis rates increase, elevated infochemical concentrations can serve as diffusible bloom termination signals that trigger population-level cell death (orange arrows) [124] . and elicited PCD upon subsequent doses of ROS. Hence, APX and its catalytic metabolite products, like DHA and ascorbate (AsA), which are strongly up-regulated by oxidative stress, serve as key surveillance signals, 'reporting' prior exposure to oxidative stress to key cellular organelles (mitochondria and chloroplasts), ultimately sensitizing cells to subsequent ROS exposure and PCD activation [83] . Given DHA itself can activate PCD in C. reinhardtii independent of a prior oxidative burst, a process that is facilitated by distinct metacaspase proteins [83] , it appears that cell death in this organism proceeds by distinct oxidative stress-dependent and -independent mechanisms.
Nitric oxide (NO) also features prominently in the cellular integration of stress surveillance signals into death activation pathways ( Figure 4) . As a highly reactive, gaseous free radical, NO rapidly interacts with cellular constituents [123] and spreads through phytoplankton populations [124] , with high intracellular levels rendering cells hypersensitive to environmental stress and PCD activation [86] . High intracellular levels of NO can directly lead to S-nitrosylation of proteins, a posttranslational modification whereby NO is covalently incorporated into thiol groups and serves as a prototypic redox-based signalling mechanism [125] and regulator of caspase-like proteins in cellular PCD responses [126, 127] . Together, elevated NO and O 2 À levels lead to the production of peroxynitrite (ONOO À ), a potent oxidant and nitrating agent of proteins at tyrosine residues [123] and known inducer of PCD [128] . PCD in Phaeodactylum tricornutum is triggered by a dose-dependent response to anti-proliferative aldehydes via NO production and Ca
2+
-based transients (nitric oxide synthase requires Ca 2+ ) [124] , highlighting NO as a key signalling molecule that has a hand not only in activating death pathways internally but also in signalling and triggering death in surrounding cells. [130] [131] [132] [133] [134] . Co-production of ROS, Ca 2+ , and NO also has a hand in the regulation of Ca 2+ -binding, EF-hand domain-containing 'death-specific proteins' (DSPs) in diatoms (discussed below) [85, 135] . DSPs have been localized to the chloroplast and appear to function as important signal transducers and photosystem regulators, toggling cell fate between stress acclimation and PCD, depending on the degree and type of stress [136] . The mechanisms of NO production in unicellular algae are not well understood but they appear to involve biochemical catalysis from arginine-(via nitric oxide synthase (NOS)) [137] and nitrite-dependent sources (via nitrate reductase (NR)) [138, 139] . Likewise, the potential roles for crosstalk between NO and H 2 O 2 , and accompanying NO-mediated posttranslational modifications (i.e., S-nitrosylation and nitration), in phytoplankton PCD are still unexplored.
Relative Roles of Chloroplasts and Mitochondria
Given the endosymbiotic, cyanobacterial ancestry of the chloroplast, key components of the apoptotic machinery in eukaryotic phytoplankton lineages might derive from cyanobacteria. This is in contrast to mitochondrial-based apoptotic features inherited through endosymbiotic a-proteobacteria [37, 44] . Indeed, PCD in ancient lineages of cyanobacteria, like Trichodesmium, appears to be mediated by caspase-like proteases (discussed below), distinguishing it from classic controls of PCD in other bacteria, such as control of murein hydrolase activity, holin/ anti-holin proteins and addiction modules [32, 140, 141] . These issues are central to understand relative roles of chloroplastic and mitochondria organelles in the establishment and execution of PCD in photoautrophs.
Observations of altered chloroplast morphology, rapid reduction in photosynthetic pigments, and the disappearance of both ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and the photosystem II light-harvesting complex hinted at a role for cytochrome f and thylakoid membrane redox complexes in algal PCD [142] . Cloning and characterization of ChspetA, a gene encoding cytochrome f in C. saccharophila, showed that its expression is up-regulated in heat-shocked cells and that cytochrome f is released into the cytosol [142] . This work suggested that cytochrome f not only plays a key PCD elicitor role through modulation of its expression and intracellular localization, but that a chloroplast-mediated PCD regulation machinery operates in a primary lineage of photosynthetic eukaryotes.
The cytosolic release of cytochrome f is functionally analogous to the role played by cytochrome c upon release from mitochondria to recruit pro-apoptotic factors (i.e., APAF-1) into procaspase-9 complexes and activate caspase-3, the key effector triggering nuclear degradation. Changes in mitochondrial membrane potential and the release of cytochrome c have been documented in some unicellular organisms, such as yeast [143] , but the general absence of APAF-1-like and caspase-9-like proteases argues for a different signaling pathway than in animals. Contrasting responses of wild-type C. reinhardtii cells and those impaired in the mitochondrial respiratory complex III (dum1 mutant) to H 2 O 2 also implicate a key role for cytochrome c in the cascade of events from oxidative stress to cell death in algal cells [83] . The fact that DHA activated cell death in both wild-type and dum1 mutant cells suggests that it functions downstream of cytochrome c along the cascade leading to PCD. Dum1 mutants were characterized by smaller antioxidant activities upon initial ROS exposure, perhaps explaining their resilience to H 2 O 2 stress and highlighting mitochondrial involvement in the induction of oxidative burst and cellular antioxidant activities in algal PCD.
Observed organelle-specific oxidation stress patterns and antioxidant capacities in response to ROS-mediated stress conditions appear to regulate PCD execution [120] . Comparatively minor oxidation of the chloroplast is observed under H 2 O 2 treatment compared to cytoplasmic, mitochondrial and nuclear compartments. In fact, there is a strong correlation between the mitochondrial GSH redox potential (E GSH ) and subsequent induction of cell death such that cell fate can be accurately predicted by a distinct life-death threshold of mitochondrial E GSH (335 mV). Compartmentalized, organellar redox-based signaling appears to integrate the input of diverse environmental cues and determine cell fate decisions as part of algal acclimation to stress conditions.
Dual Adaptive and Death Roles
Since the first reports of autocatalytic cell death in Ditylum brightwellii [144] and Thalassiosira weissflogii [145] in response R600 Current Biology 26, R594-R607, July 11, 2016 Current Biology Review to N limitation, extensive research in centric (Thalassiosira pseudonana) and pennate (Phaeodactylum tricornutum) model diatom systems has fundamentally advanced our mechanistic understanding of how diatoms sense environmental stress and either acclimate or activate PCD pathways. Indeed, the availability of complete genome sequences [146, 147] with extensive EST libraries, and genetic manipulation approaches [148] for these model diatoms has provided a comprehensive framework to elucidate the molecular components of the PCD machinery in centric and pennate species, respectively. Cellular responses to Fe availability and high light have served as a core ecophysiological backdrop to elucidate the molecular interface between stress and death pathways in diatoms. In the dynamic, coastal environment, Fe concentrations and daily surface irradiance levels can vary by two to three orders of magnitude on short spatial and temporal scales. Fe is required for photosynthetic electron transfer and reductive biosynthesis [149] and is often drawn down to extremely low concentrations, critically limiting diatom growth and primary productivity in diverse open ocean [150] and coastal regimes [151, 152] . Very low photosynthetic efficiencies have been reported in severely Fe-limited, open ocean phytoplankton populations [150] , signifying uncoupled electron flow through photosystem II, which leads to ROS production [116] and PCD induction [115, 153] .
Morphological and biochemical characteristics of a caspasemediated PCD has been observed in response to Fe-starvation in T. pseudonana with low photochemical quantum yield of photosystem II (F v /F m ; a non-invasive proxy of photosynthetic health), vacuolization, externalization of phosphatidylserine and high in vivo caspase-specific activity [82] , all consistent with paraptosis [22] . Specific metacaspases were observed to have elevated gene and protein expression, concomitant with PCD markers [82] . Furthermore, the correspondence between these metacaspases and elevated expression of a chloroplast-localized manganese superoxide dismutase [154, 155] in Fe-stressed cells was also diagnostic of a subcellular link to ROS. Another distinct set of metacaspases had high, constitutive expression in actively growing cells under replete and Fe-limitation conditions, hinting that they possess housekeeping and/or stress response functions in the acclimation to Fe stress.
Comparative transcriptomic analysis, diagnostic biochemistry, and in vivo cell staining identified a suite of ROS-and PCD-related genes involved in acclimation to Fe and associated oxidative stress in T. pseudonana [85] . These included: peroxiredoxins, a chloroplast thylakoid bound ascorbate peroxidase, thioredoxin, metacaspases, viral inhibitor apoptosis factor (VIAF), cytochrome c oxidase, several caspase recruitment domain (CARD; IPR001315)-containing proteins, and the aforementioned DSP proteins [135, 156] . Most of these genes were represented in EST libraries derived from diverse diatoms grown under various stress conditions (i.e., Fe-, Si-, CO 2 -, N-limitation and light stress), including metacaspases in these diatom ESTs libraries. Likewise, pairwise comparisons of the gene expression profiles also identified a subset of genes whose expression was specifically upregulated concomitant with elevated caspase activity. Findings that Fe-stressed cells grew despite reductions in photosynthetic efficiency, increased ROS production and elevated caspase-like activity, combined with the aforementioned genes being represented in metatranscriptomes of chronically low Fe-stressed algal populations in the North Pacific (Ocean Station Papa) [85] , suggests these proteins may indeed play adaptive roles and contribute to the success of oceanic diatoms.
Dual adaptive and death-related ecophysiological roles were experimentally confirmed under both Fe and light stress [136] for T. pseudonana DSP proteins (TpDSP1and TpDSP2) (Figure 4) . TpDSP1 localized to the plastid and enhanced growth during acute Fe limitation at sub-saturating light by increasing the photosynthetic efficiency of carbon fixation [136] . Clone lines over-expressing TpDSP1 had a lower quantum requirement for growth, increased levels of photosynthetic and carbon fixation proteins, and increased cyclic electron flow around photosystem I, an alternative pathway of electron transport essential to photosynthesis [157] . At the same time, TpDSP1 over-expressing clone lines had markedly reduced growth and photosynthetic rates at saturating light (>1000 mmol photons m À2 s À1 ) and were hypersensitive to ROS, thereby constraining the benefits afforded by over-expression and forcing cells to walk an 'ecological tightrope' through the regulation of this protein. similarity to the thylakoid-associated, proton gradient regulator-5 (PGR5) protein found in higher plants which, in conjunction with the transmembrane protein (PGRL1), regulate cyclic electron flow around photosystem I [158, 159] . DSPs appear to function as important signal transducers and photosystem 'electron flux regulators' [136] . Together with the aforementioned roles of aldehyde products of fatty-acid oxidation [160, 161] , these findings provide an intriguing context for the linkage between NO and DSPs and enrich ongoing discussions around stress surveillance systems in diatoms and cellular mechanisms responsible for acclimation versus death in phytoplankton [114] .
Cell-Cell Interactions and Allelopathy
Antagonistic interactions between cohabitating aquatic microbes have also emerged as an important cause of PCD induction in natural environments. PCD-based bloom collapses of P. gutanense in the Sea of Galilee [117] can in part be explained by mutual, density-dependent crosstalk with the toxic cyanobacterium Microcystis sp. via allelochemicals [162, 163] . Cell death could be prevented by exogenous addition of catalase, which implicated H 2 O 2 as the effective ROS species, as well as by treatment with E-64, a cysteine protease inhibitor that stimulates cyst formation [117] . These results diagnosed cysteine proteases as important cellular determinants of cell fate. Subsequent work [153] demonstrated the induction of a leupeptin-sensitive, extracellular protease, which was excreted by senescing P. gatunense cells in culture and in lake waters, sensitizing cells to oxidative stress, and triggering synchronized death of the population. Allelopathic chemicals produced by algicidal heterotrophic bacteria also clearly induce death of prominent eukaryotic phytoplankton. Proteases secreted in a quorum sensing-dependent manner from stationary phase cultures of the algicidal bacterium Kordia algicida induce death in the marine diatoms S. costatum, T. weissflogii, and P. tricornutum [164] . Likewise, secretion of a polar and water-soluble, bioactive compound (IRI-160AA) by Shewanella sp. IRI-160 induces algicidal activity for a broad range of dinoflagellates but had little to no effect on chlorophytes and cryptophytes [165, 166] , with most dinoflagellates exhibiting photosystem II inhibition and varying degrees of cellular mortality and loss of membrane integrity. Subsequent work with IRI-160AA-treated dinoflagellate cells verified PCD induction via significant increases in H 2 O 2 , intracellular ROS, caspase 3-like activity, and inversion of PS in cell membranes (Pokrzywinski et al., unpublished observations) .
Phytoplankton PCD induced by carbon limitation has even been shown to play an intriguing role in facilitating the exchange of carbon between two naturally co-occurring halophilic microorganisms, Dunalliela salina (a mixoheterotrophic chlorophyte) and Halobacterium salinarum (an archaeon) [78] . This process ultimately enhances algal population growth as organic algal photosynthate released by cells undergoing PCD complements the nutritional needs of other non-PCD D. salina cells. Co-occurring, heterotrophic H. salinarum cells effectively remineralize the carbon providing elemental nutrients for residing D. salina cells. Collectively, these observations open a new window into our interpretations of the ecological impact of PCD in mixed communities of microbes.
PCD, Aggregation and Carbon Sequestration
The most extensive work on PCD in cyanobacteria has been in largely filamentous diazotrophic (nitrogen-fixing) generafreshwater Anabaena sp. [167] and marine Trichodesmium sp. [116, 168, 169] (Spungin et al., unpublished observations) . Trichodesmium contributes significantly to oceanic C and N cycling by forming extensive blooms in nutrient-poor tropical and subtropical oceans [170, 171] , which generally collapse several days after forming. PCD that is induced by nutrient (P and Fe) starvation and high-light-associated oxidative stress in Trichodesmium IMS101 has been implicated as they triggered low photosynthetic efficiency, very high caspase activity, controlled degradation of internal components (i.e., DNA, thylakoids, carboxysomes, and gas vesicles), and increased vacuolization, with no evidence of plasma membrane rupture [116, 168] . Trichodesmium IMS101 has the highest number of metacaspases (12 in total) among cyanobacteria, all of which fall into four deeply rooted, cyanobacterial-rich clusters distinct from other eukaryotic phytoplankton representatives [116, 172] (Spungin et al., unpublished observations). Greatly elevated expression levels of these metacaspases is associated with PCD induction under Fe limitation and high light, in both cultured cells and natural populations off the coast of New Caledonia [169] (Spungin et al., unpublished observations). These findings strongly implicate PCD as a key loss process for surface bloomers exposed to high-light regimes and in Fe-limited zones.
Observations that caspase-mediated PCD in Trichodesmium cells concomitantly leads to greatly elevated production of transparent polymeric particles (TEP) and aggregation [116, 168] and that rapidly sinking Trichodesmium cells display greatly elevated ($50-fold) caspase-like activity and PCD induction strongly suggest this pathway is an important regulator of downward pulses of particulate organic matter into the deep ocean. These findings have important implications for upper ocean biogeochemistry because they suggest that caspasemediated PCD may shift the relative coupling of ecosystem pathways towards enhanced vertical C and N flux -as opposed to the release of dissolved organic matter via cell lysis and stimulation of upper ocean respiration via the microbial loop ( Figure 1 ) [173] . ROS production and caspase activation are also mechanistically coupled with transparent exopolymeric particle production and aggregate formation in the diatoms (T. pseudonana [174] and E. huxleyi [16] ), suggestive of a broader, mechanistic role in the vertical flux of organic matter in diazotrophs, diatoms and coccolithophores, three of the most significant biogeochemical and ecological groups. Coccolithophores and diatoms collectively dominate ($70%) phytoplankton contributions to global primary productivity, vertical sinking flux and the biological pump [175] , the biological removal of CO 2 from surface waters and long-term carbon storage in the deep ocean, in part due to their biomineral ballast that efficiently transports material to the deep sea. Modulation of transparent exopolymeric particle formation and its qualities by activation of PCD pathways in response to abiotic and biotic stressors would not only regulate the fate of these blooms but could also enhance the efficiency of carbon burial in the deep oceans. The field is poised to employ established biochemical and molecular markers of PCD (i.e., ROS, metacaspase expression, caspase activity) and quantitatively determine its contribution to export fluxes.
Concluding Remarks
A conserved molecular and mechanistic framework of stress surveillance, signaling, and death activation pathways involving the collective and coordinated participation of organelles, redox enzymes, metabolites, caspase-like proteases, and a diverse death-related machinery has helped guide our thinking on the establishment and retention of PCD (and associated genes) in unicellular photoautotrophs. At the same time, our improved mechanistic knowledge comes with important caveats for interpreting not only the physiological adaptive roles of PCD and altruistic suicide in unicells [42] but also its collective ecological and biogeochemical importance in the oceans. Thoughtful consideration and creative experimental testing of alternative frameworks about the roles of PCD in both model unicellular lineages and natural assemblages will provide us with novel ecological and evolutionary perspectives to guide our understanding and place this intriguing, deconstructive pathway into broader biological and ecosystem contexts. discussions on death processes in diverse unicellular phytoplankton. I apologize to fellow colleagues whose work was not mentioned due to space constraints. I specifically thank Kelly Bidle and Brittany Schieler for helpful comments and discussions during the writing of this paper. Work cited from my lab was supported by grants from NSF, NASA, the Gordon and Betty Moore Foundation, and the Center for Environmental Bioinorganic Chemistry (Princeton University). 
